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Abstract

We describe an innovative design for an in-plane measurement technique that subjects thin sheet 

metal specimens to bidirectional loading. The goal of this measurement is to provide the critical 

performance data necessary to validate complex predictions of the work hardening behavior during 

reversed uniaxial deformation. In this approach, all of the principal forces applied to the specimen 

are continually measured in real-time throughout the test. This includes the lateral forces that are 

required to prevent out of plane displacements in the specimen that promote buckling. This 

additional information will, in turn, improve the accuracy of the compensation for the friction 

generated between the anti-bucking guides and the specimen during compression. The results from 

an initial series of experiments not only demonstrate that our approach is feasible, but that it 

generates data with the accuracy necessary to quantify the directionally-dependent changes in the 

yield behavior that occur when the strain path is reversed (i.e., the Bauschinger Effect).
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1. Introduction

Throughout the transportation industry, the need to reduce vehicle weight and improve fuel 

economy has heightened the demand for new lightweight sheet alloys such as aluminum, 

magnesium, and advanced high strength steels (AHSS). However, the property data and 

constitutive laws available for many of these alloys are limited or inadequate for the complex 

models that are used to predict the performance. Specifically, the lack of property data leads 

to inaccurate results in the predicted mechanical response to the applied loads generated 

during sheet metal forming. The ensuing inability to accurately predict the mechanical 

behavior impedes widespread incorporation of these advanced alloys in vehicles.

Springback (defined as a change in the component shape caused by elastic unloading after 

forming) is one of the most challenging behaviors to model in metal forming. It is generally 

attributed to a non-uniform distribution of residual stresses generated by complex loading 

conditions during stretch forming. Many approaches have been adopted to predict the 

changes in shape that occur after the forming loads have been removed [1–4]. However, 
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predicting springback is particularly problematic because many of these models require a 

detailed assessment that describes how the stress distribution is influenced by the 

microstructure of the material [5]. Such an assessment can be extremely difficult to acquire 

because the microstructures of AHSS are usually multi-phase and often contain metastable 

phases that can transform under certain stress conditions. While the complex microstructures 

significantly enhance the strength of these alloys, they also introduce a strong directional 

dependence in the mechanical properties. This directional dependence exacerbates forming 

issues such as springback.

Under complex loading, most polycrystalline materials exhibit a directional dependence in 

the yield stress to some extent [6]. This behavior is largely referred to as the Bauschinger 

Effect (BE), and it is known to have a strong influence on the magnitude of the springback 

[7]. Yoshida, et al [8], showed that the BE consists of three general phenomena. These are: 

1) the initial re-yielding, which typically manifests as a decrease in the observed yield stress 

after the loading direction has been reversed, 2) the transient BE, which generally occurs 

after the reversed applied stress has changed from tensile to compressive, and 3) the 

permanent softening, which occurs after the transient BE has saturated and the dislocations 

in the structure begin to annihilate one another. The physical mechanism that produces the 

Bauschinger effect is debatable, but it is frequently described as an inherent directionality of 

the dislocation structures that accumulate at barriers within a deformed polycrystalline 

material [9]. Two primary dislocation-level models have been developed to describe the BE. 

These are: a) the Mughrabi composite model [10], and b) the Orowan–Sleeswyk model [11]. 

The fundamentals for both mechanisms are detailed in a review of the microstructural 

origins of the Bauschinger effect recently published by Kassner et al [12].

Generating the data to refine the models used to predict springback requires highly 

specialized test methods. Most deformation modeling assumes isotropic hardening, where 

the yield surface expands equally in all directions as the material deforms [13]. A second 

common assumption for hardening is kinematic hardening, where the yield surface translates 

in the direction of the applied load, but does not expand [14,15]. Models based exclusively 

on isotropic hardening or on kinematic hardening are often insufficient because real 

materials typically exhibit a combination of isotropic expansion, kinematic translation and 

anisotropic expansion where one quadrant of the yield locus expands faster than another 

[16]. For this reason, property measurements under reversed loading are needed to quantify 

the active hardening mechanisms in the response of a given material and then relate those 

characteristics to the underlying microstructure. These relationships can be used to improve 

the predicted response of that material to complex loading schemes [17]. While several test 

methods have been developed for this purpose [18,8,19,20], bidirectional, in-plane testing of 

thin sheet is the preferred method because it produces more homogeneous stress/strain 

distributions in the gauge area of the specimen. This also facilitates more accurate 

assessments of the residual stress distribution.

An assessment of the limited number of anti-buckling systems described in the literature for 

use in reversed uniaxial loading revealed that the designs fall into two general categories. 

The first category fixes the displacement between the specimen and the anti-buckling (AB) 

guide, thereby making the corresponding force between the two an un-measurable variable 
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[20]. During tension, these designs allow a small gap to develop between the specimen and 

the AB guides as the specimen thins. During compression, this gap enables the nucleation of 

a small out-of-plane displacement, which in turn, requires an exceptionally high amount of 

lateral force to prevent it from propagating and producing a buckle in the gauge section of 

the specimen. The size and influence of the gap can be reduced with proper calibration, but 

with this approach, there is no way to adjust the system during a live test. The second design 

category is a clam shell-type AB apparatus that essentially clamps onto the gauge area. The 

restoring force is typically supplied by a series of springs that are torqued to a pre-set level 

and the magnitude of the applied force is estimated from the linear spring constants. This 

approach produces a constant net applied force on the specimen; but depending on the shape 

of the AB guide, it could also allow the specimen to bend in the grips or permit the 

development of a small gap between the AB guides and the specimen that could initiate a 

buckle. The main concern with this approach is that this apparatus is attached to the 

specimen prior to the test and remains in contact with the specimen throughout the test. This 

applies an unnecessary frictional force to the specimen during the tensile segment that 

requires extensive calibration for compensation. Based on this assessment, the optimum AB 

guide design would produce a variable lateral force system that minimizes the friction on the 

specimen during the test. That is, it would remove or reduce the lateral forces when they are 

not needed, and it would allow for adjustment (balancing) of the lateral forces in real-time 

during compression.

2. Design

Regardless of the approach adopted, accurate compensation for the friction generated 

between the lateral constraints, required to prevent buckling, and the gauge section of the 

specimen during compression is a considerable design challenge. Our objective was to 

develop a fully instrumented anti-buckling apparatus that measures all of the primary forces 

applied to a thin sheet specimen throughout the test. As such, the lateral forces applied to the 

AB guides are continuously sampled in real-time. This will enable direct assessment of the 

contact forces, which in turn, will improve the accuracy of the friction correction. Fig. 1a is 

a computer-aided design (CAD) drawing of the apparatus showing the arrangement of the 

major components in our design. As shown in the figure, the key element is two opposing 

high-precision piezoelectric actuators (#1 in the figure) that operate in dynamic closed-loop 

displacement control to simultaneously apply the forces on the anti-buckling (AB) guides. 

Small, high-capacity load cells mounted behind each actuator measure the applied lateral 

force. Each actuator can apply 30 kN (6.7 kip) of force over a 120 µm (4.72×10−3 in) travel, 

and because it operates independently in closed-loop control, each actuator can maintain a 

set position with an accuracy of ±1 nm. This allows the actuators to rapidly adjust and 

balance the lateral forces on the anti-buckling guides as required throughout the test. Each 

actuator is housed in a conical holder (#2) that supports the weight of the actuators with no 

appreciable bending, and aids in transferring the lateral reaction forces to the frame (#3). 

The frame itself consists of two steel plates that were precision-ground to maintain a surface 

flatness that did not deviate more than 0.0127 mm (0.0005 in). The distance between the 

plates was fixed by four precision-ground sleeve assemblies (#4), and while the frame was 
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pre-loaded to 136 N·m (100 lb·ft) by those assemblies, the spacing between the plates did 

not vary more than 0.00254 mm (0.0001 in) at the maximum applied lateral force.

A close-up view of the high-precision system used to apply the lateral forces to the specimen 

is shown in Fig. 1b. The AB guides (#5 in the figure) are positioned on either side of the test 

specimen. Guide pins were positioned in the tab sections to prevent rotation and maintain 

the planar alignment of the AB guides. The widths of the AB guides were designed to be 0.5 

mm (0.019 in) less than the specimen gauge width after the application of 0.08 tensile strain 

to facilitate high-resolution strain measurements by digital image correlation (DIC). 

Precision-ground cemented tungsten carbide (CWC) push rods (#6) transmit the force from 

the piezoelectric actuator to the AB guides. These 600+ GPa (87×106 psi) elastic modulus 

rods were specifically designed to minimize the compliance between the actuator and the 

AB guides during the application of force. Even though the actuators are capable of applying 

30 kN, this can only be an axial force. The quartz crystals in the piezoelectric stack would 

fracture if they experience an out-of-plane force greater than 140 N (31.5 lbf). Consequently, 

each CWC push rod is encased in a high-precision linear bearing (#7) that centers the rod on 

a hemispherical cap mounted on the actuator with zero out-of-plane displacement. Fig. 2 is a 

photograph of the fully assembled AB apparatus inside the servo-hydraulic test frame.

Deforming a thin sheet specimen to large strains in compression and then in tension requires 

a highly specialized specimen design, even when using AB guides. During compression, a 

thin sheet specimen basically fails in one of three possible modes: a) a collapse in the 

unsupported region of the tab located between the AB guides and the grips, referred to as an 

‘L-buckle’, b) a collapse in the gauge area that produces a rotation along the gauge length, 

referred to as a ‘W-buckle’ and c) a through-the-thickness collapse in the gauge area with no 

rotation, referred to as a ‘T-buckle’. The specimen geometry suppresses the W and L-

buckling modes and promotes a T-buckle because this mode can be prevented by the 

application of appropriate lateral force with the AB guide. As such, we developed a finite 

element analysis (FEA) model similar in concept to that used by Boger, et al [19] to predict 

the deformation of a suitable specimen geometry in fully-reversed uniaxial loading, and then 

to optimize the specimen geometry for a range of strain levels and materials. Our model was 

based on the commercial FEA code ABAQUS1 and used isotropic hardening with both fixed 

and variable lateral forces to predict the performance at the upper bound for a range of test 

conditions.

The specimen geometry, mesh and boundary conditions are shown in Fig. 3. The model used 

parametric inputs to vary the specimen geometry parameters including: the width of the grip 

region, B, the uniform gauge section length, G, the uniform gauge section width, W, the 

transition radius, R, and the thickness of the gap between the specimen and the AB guide, L. 

The initial thickness of the specimen was 1 mm for all of the simulations. The AB guides 

were initially modeled as rigid plates that were in contact with the specimen. Each reference 

point of the lateral rigid plates was connected to a spring element to simulate the lateral 

1Certain commercial entities, equipment, or materials may be identified in this document in order to describe an experimental 
procedure or concept adequately. Such identification is not intended to imply recommendation or endorsement by the National 
Institute of Standards and Technology, nor is it intended to imply that the entities, materials, or equipment are necessarily the best 
available for the purpose.
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force applied by the piezoelectric actuator. The stiffness of the spring element was designed 

to emulate the load displacement relationship of the piezoelectric actuator. The rigid plates 

were only allowed to move in the z direction, which was perpendicular to the specimen 

surfaces. During the simulation, the positions of the bottom grip surface nodes were fixed, 

and the top grip surface nodes were only allowed to move in the y direction. Uniaxial 

displacements sufficient to produce a fully reversed 0.08 strain were added to the top grip 

surface nodes. Four nodes (the red dots in the specimen gauge area in Fig. 3) were 

positioned along the center line of specimen at distances of ± 6.25 mm (0.25 in) and ± 12.5 

mm (0.49 in) from the midpoint of the specimen to serve as strain gauge reference points. In 

the simulation, the specimen was first uniaxially compressed to the point where the 

displacement between the reference nodes produced −0.08 true strain, after which the 

specimen was pulled in tension to where the displacement between the nodes resulted in a 

+0.08 strain. Once this condition was achieved, the specimen was then again compressed to 

where the displacements between the nodes were equal to their initial positions (i.e., zero net 

strain). The FEA model tracked the percentage of the fully reversed uniaxial cycle 

completed during the simulation. The specimen geometry was considered to be acceptable if 

the distribution of the simulated strain was uniform in the region of the gauge section 

bounded by the 12.5 mm nodes over the range of the ± 0.08 strain cycle. Additional 

optimizations were performed on the set of acceptable geometries to produce a suitable final 

specimen geometry.

Fig. 4 compares the end points of two FEA simulations of sample behavior for two different 

specimen geometries under a full ± 0.08 strain cycle in DP600 steel. Numerous simulations 

of this type were run until an acceptable geometry was identified. In the figure, G is the 

gauge length, W is the gauge width and R is the radius (all dimensions are in millimeters). 

The G37W15R5 geometry (Fig. 4a) failed inside the dotted ellipse prior to completion, 

whereas the G27W24R10 geometry in Fig. 4b successfully completed the cycle. Note that 

the total accumulated strain produced in the specimen during these simulations was 0.32. As 

such, the simulation was considered as an upper bound in the performance of a candidate 

geometry because, as noted previously, these simulations only assumed isotropic hardening. 

In real materials, strain softening via dislocation annihilation is known to occur when the 

strain path is reversed [21,22], which reduces the intensity of the localized work hardening 

and extends the overall life of the specimen [23]. The G27W24R10 geometry was then 

further optimized and scaled to feature an overall length of 190 mm (7.5 in), a uniform 

gauge section of (47 × 24) mm (1.85 × 0.94) in, a tab width of 44 mm (1.73 in), and a radius 

of 10 mm (0.39 in).

3. Experimental

The critical element in this experiment is the alignment of the lateral forces with respect to 

the plane of the specimen. Without proper alignment, balancing of the two lateral forces 

during compression is virtually impossible, and this would result in out of plane bending that 

promotes buckling. The high-precision alignment was accomplished in two steps. The frame 

was first coarse-aligned by adjusting the position relative to gauge blocks and reference 

marks. Precision alignment was achieved by elastically loading a 5 mm thick precision-

ground reference specimen in the hydraulic grips. Gold-coated optical flats, mounted on the 
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specimen at the point where the center of the AB guide would contact the test specimen, 

provided fixed reference points. An autocollimator assembly with a lateral resolution of 

± 0.0014° (5 arc seconds) was then inserted into a piezoelectric cell holder. The frame 

orientation was adjusted relative to the autocollimator signal by turning one of three 1/4–80-

thread positioners located in the bottom of the frame until the orientation error was less than 

0.01°.

Test specimens in the G27W24R10 geometry were cut from 1 mm (0.039 in) thick 

AISI-1008 and DP600 AHSS sheet with a water-jet. The specimens were de-burred and 

sanded with fine emery paper to remove any surface oxides prior to testing. The bi-

directional test consisted of loading the specimen in the hydraulic grips and positioning the 

AB guides against the sample. The guides were designed to fix the height of the unsupported 

region between the grips and the sample at precisely 5 mm (0.197 in). A light film of 

lubricant was applied to ultra-high molecular weight polyethylene anti-friction pads prior to 

closing the guides. An elastic tensile preload was applied to the specimen to ensure proper 

sample alignment before closing the AB guides. Next, a nominal preload of 1.5 kN (337 lbf) 

was applied to the AB guides using coarse positioners. The piezoelectric actuators were then 

extended until the force on each side of the AB guides was approximately 2.2 kN (495 lbf). 

This force was determined empirically through a series of calibration experiments and was 

used for all experiments.

A series of proof of concept experiments was conducted to evaluate the performance of the 

AB apparatus using real specimens under actual loading conditions. It was also intended to 

determine the efficacy of the independently actuating, position-controlled lateral force 

measurement system. During these initial performance evaluations, the strain range was 

limited to ± 0.04 and the experiments were conducted exclusively in position control. This 

allowed for a thorough assessment of both the software designed to control the AB system, 

and the suitability of the specimen design under the fully-reversed loading without 

generating excessive forces on the AB guides, which could cause catastrophic results. 

Subsequent experiments achieved full loop strain ranges of ± 0.06 with an overall design 

maximum of ±0.08.

The yielding behaviors of two steels with substantially different strength levels were 

evaluated in fully-reversed loading. A specimen with the optimized G27W24R10 geometry 

was first loaded in compression at a constant displacement rate that produced an initial strain 

rate of ε̇ ≈ 3.36×10−4 s−1. When the output of the extensometer that was mounted on the 

specimen edge indicated that a strain of −0.04 was achieved, the test was paused to reduce 

the forces on the AB guides and then resumed until a tensile strain of +0.04 was attained. 

The test was again paused to reapply the lateral forces. The specimen was reloaded in 

compression until zero strain was reached, thereby completing the test.

The actual applied strain levels were verified with a three dimensional digital image 

correlation (DIC) measurement system. A representative strain distribution, which was 

derived from the DIC data using the Hencky elasticity model [24], is shown for the ±0.04 

strain cycle in Fig. 5. In the figure, the maximum strain for the tension segment (Fig. 5A) 

occurred in the middle of the gauge section, but the maximum strain was more diffuse 
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during the compression segment (Fig. 5B). In this part of the experiment, the maximum 

strain occurred closer to the actuator, which can be seen at the bottom of the figure.

4. Results and Discussion

The microstructures of the two steels are shown in Fig. 6. The AISI-1008 (Fig. 6a) is a 

mixture of spherodized pearlite (P) in a ferrite (α) matrix [25]. The DP600 (Fig. 6b) is a 

ferrite matrix (α) populated with islands of martensite (M), which is typically achieved by 

rapidly quenching low carbon steel from a temperature that is above Ac1 but below Ac3 (the 

ferrite-to-austenite transformation start and finish temperatures, respectively) on a 

continuous cooling transformation diagram [26]. The carbon contents for the two steels are 

essentially the same (0.085 C for AISI-1008 versus 0.090 C for DP600); however, the 

microstructures of the two steels are considerably different. Both steels have two-phase 

microstructures; however, the finer grain size and the martensite enhance the overall strength 

of the DP600 [26]. This is reflected in both the nominal yield and ultimate tensile stresses 

for the AISI-1008 steel, which are (245 and 340) MPa (35.5 and 49.3) ksi, and (420 and 

600) MPa (60.9 and 87) ksi for the DP600. The ductilities for both steels are comparable (≈ 
0.2).

The measured behavior of the two steels in bidirectional loading is shown in Fig. 7. Table 1 

shows the successive maximum and yield stress values based on a 0.1 % offset criterion for 

the true-stress-true-strain curves (points 1, 2 and 3 in the figure). Assuming perfect isotropic 

hardening, where the yield surface is identical in all directions, the second yield point would 

occur at the same magnitude stress (but opposite sign) as the previous maximum. Assuming 

perfect kinematic hardening with no offset in the initial yield surface, the translation of the 

yield surface would be equal to the difference between the maximum stress and the initial 

yield stress. The magnitude of the second yield stress would thus be the initial yield stress 

minus this translation. Using this very simple analysis, the predicted second yield in 

AISI-1008 is 333 MPa (48.3 ksi) for isotropic hardening and 47 MPa (9.82 ksi) for 

kinematic hardening. The measured yield at 165 MPa (111 ksi) establishes that the 

hardening is a mixture of isotropic and kinematic. In contrast, the predicted isotropic and 

kinematic second yield points occur in the DP600 at 711 MPa (103 ksi) and 203 MPa (29.4 

ksi), respectively. The measured second yield value of 216 MPa (31.3 ksi) reveals an almost 

pure kinematic hardening.

We also completed a more sophisticated analysis of these data using a nonlinear isotropic/

kinematic hardening model in ABAQUS [27]. Here, the yield surface is given by F = f(σ − 

α) − σ0 = 0, where σ0 is the yield stress, and f(σ − α) is the equivalent Mises stress with 

respect to the back-stress, α. The kinematic hardening component includes a purely 

kinematic term (linear Ziegler hardening law) and a relaxation term, which introduces the 

nonlinearity. Fig 7c shows our model fit for AISI-1008 and Fig 7d shows the results for 

DP600. In both cases, the model does an excellent job fitting the initial hardening curve in 

compression and the second yield in tension. The subsequent hardening during the tension 

cycle is overestimated due to the permanent softening in the real system. The results of these 

simulation agree perfectly with the simple model described above. The AISI-1008 behavior 
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is a mixture of kinematic and isotropic hardening, and the DP600 behavior is best modeled 

using pure kinematic hardening.

It is well known that the performance of any alloy is determined by the microstructure and 

the thermal processing [28,29]. The two steels in this evaluation were selected specifically 

because they both have a have an α-ferrite matrix and similar carbon contents. While there 

are distinct differences in the grain size (Fig 6), which will contribute to the overall 

mechanical behavior (i.e., the Hall-Petch effect), that influence is expected to be small with 

respect to the property differences caused by the second phase constituents. Since the carbon 

contents in the two steels are essentially the same, it is reasonable to assume that the relative 

strengths of the ferrite phases are also similar. For this reason, the difference in the yield 

behaviors exhibited in Fig 7 can be primarily attributed to the differences in the strength of 

the pearlite in the 1008 and the martensite in the DP600. This is completely consistent with 

the findings of Allain and Bouaziz [5] who showed that kinematic hardening is largely 

caused by incompatibilities in the relative strengths of the constituent phases present. Their 

results revealed that DP steels exhibit mostly kinematic hardening because of the large local 

property gradients existing between the α-ferrite and the martensite. They also showed that 

ferrite-pearlite steels tend to exhibit a large BE, but the property gradient between the ferrite 

and pearlite will be less severe. Hence, the hardening in these steels will be a mixture of 

isotropic and kinematic hardening and the ratio will depend on the α-ferrite/pearlite phase 

fractions.

As noted previously, our design enables sampling of all the applied forces in real time 

throughout the test. Measuring both the lateral and axial forces in real time enables a 

determination of the instantaneous coefficient of the dynamic friction, μk. Since this 

coefficient is dimensionless, the friction values are not specific to the size of the specimen 

used in the test. The variation in dynamic friction is shown as a function of the elapsed test 

time in Fig 8. The coefficient of dynamic (kinetic) friction, μk, is given by , 

where FB and FT are the bottom and top forces, respectively, and the right and left lateral 

forces are FR and FL, respectively. The largest measured μk observed in these experiments 

was approximately 0.25, and this was a transient that occurred during switchover from 

compression to tension when the anti-buckling guides were retracted. The maximum non-

transient frictional force, |FT −FB|, for either steel occurred at the end of the first 

compression stage (Region I in Fig 8) and was approximately 0.135 for the AISI-1008, and 

0.12 for the DP600. This was less than 4 % of the total applied load. Since the upper and 

lower load cells record the forces applied to the upper and lower parts of the sample 

respectively, and the AB guides and sample geometry are symmetric, we estimate from this 

that the applied load at the center of the specimen is: (FT + FB)/2, which produced the 

maximum friction correction. Note that the magnitude of μk is consistent with values used in 

typical sheet metal forming simulations [30]. More importantly, the actual effect of friction 

during the measurement was minimal.

The true stress in Fig 7 was obtained using this friction correction equation. These results 

were achieved with a maximum lateral force of approximately −2.3 kN (−517 psi), which is 

significantly less than the 8 kN (1800 psi) to 10 kN (2250 psi) restoring force reported in the 
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literature [31,19]. These low friction results validated the principal philosophy behind our 

design. That is, the friction between the AB guides and the specimen can be minimized by, 

a) ensuring highly precise alignment of the AB guides with respect to the sample, b) 

eliminating any gap between the AB guides and the specimen, and c) applying force to the 

AB guides sufficient to prevent nucleation of out-of-plane displacements (i.e., a buckle). Our 

FEM simulations also indicate that the formation of even the smallest gap enables nucleation 

of out-of-plane displacements that require substantially higher lateral forces to prevent 

propagation [20], and that refinement of our design and testing procedures could further 

reduce the contact forces making friction compensation unnecessary.

5. Conclusions

These experiments confirmed that our approach to subjecting a thin sheet to bidirectional 

uniaxial loading is viable and that our technique can be used to characterize the 

mechanism(s) responsible for the Bauschinger effect in AHSS and other alloys. Since the 

design of this anti-buckling system enables a direct assessment of the coefficient of dynamic 

friction, it provides a more accurate compensation for the forces, which is independent of the 

specimen size. The two steels examined have similar carbon contents and ductilities, but 

markedly different microstructures. Consequently, the difference in the yield behaviors 

observed in the two steels is attributed to the strength difference between the pearlite in the 

1008 and the martensite in the DP600. Although the mechanisms responsible for the 

Bauschinger effect remain controversial, these microstructural differences clearly play a 

major role in the markedly different ratios of isotropic and kinematic hardening in these two 

steels. That is, the AISI 1008 exhibits a mixture of isotropic and kinematic hardening and, 

by comparison, DP600 is almost purely kinematic. These results are consistent with the 

literature.
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Fig 1. 
A computer-aided design (CAD) drawing showing the layout of the anti-buckle apparatus 

design. The locations of the major components are shown in Fig 1a, and a larger view of the 

precision force application system is shown as Fig 1b
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Fig 2. 
The fully-assembled tension/compression test apparatus mounted in the servo-hydraulic load 

frame

Stoudt et al. Page 13

Exp Mech. Author manuscript; available in PMC 2018 January 01.

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript



Fig 3. 
The specimen geometry, mesh, and boundary conditions used for the FEA simulation of the 

behavior during fully-reversed loading. B is the tab width, W is the gauge width, and G is 

the gauge length
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Fig 4. 
The finite element-predicted performance for two different specimen geometries of DP600 

over a ± 0.08-strain cycle (assuming isotropic hardening). G is the gauge length, W is the 

gauge width, and R is the radius. All dimensions are millimeters. The color bar is the von 

Mises stress in MPa
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Fig 5. 
Digital image correlation (DIC) data showing the Hencky strain distribution during the 

tension (Fig 5a) and compression (Fig 5b) segments of the fully-reversed 0.04 load cycle. 

The maximum tensile train was focused in the middle of the gauge section, but was more 

diffuse during compression. The maximum compression strain occurred closer to the 

actuator, which is seen at the bottom of the figure
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Fig 6. 
Representative microstructures for the two steels. Fig 5a (AISI-1008) is a mixture of pearlite 

(P) and ferrite (α). Fig 5b (DP600) is a mixture of martensite (M) and ferrite (α). Both steels 

have similar carbon contents (≈ 0.85) (2% Nital etch)
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Fig 7. 
The friction-corrected behavior of the two steels in ± 0.04 bidirectional loading. The 

AISI-1008 steel (Figs 7a and 7c) exhibits mixed isotropic/kinematic behavior over this strain 

cycle, whereas the DP600 (Figs 7b and 7d) exhibits primarily kinematic yield behavior. The 

0.1 % offset yield points are shown in Fig 7a and 7b, and the simulation results using a 

nonlinear isotropic/kinematic hardening model are shown in Fig 7c and 7d
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Fig 8. 
The variation in the dynamic coefficient of friction for the two steels in bidirectional loading 

during the compression cycles when the anti-buckling guides were fully loaded. AISI-1008 

steel exhibits an approximate maximum friction coefficient of 0.135, whereas the DP600 

exhibits a maximum of 0.12 over the same ±0.04 strain range. Both maxima in μk occurred 

during the first compression segment (Region I).
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Table 1

Yield Stress Behavior Using 0.1% Offset Criterion

AISI-1008 DP600

1st Yield, MPa −190 −457

1st Maximum, MPa −333 −711

2nd Yield, MPa +165 +216

2nd Maximum, MPa +357 +713

3rd Yield, MPa −175 −182

(Measurement uncertainty ± 1 %)

Exp Mech. Author manuscript; available in PMC 2018 January 01.


	Abstract
	1. Introduction
	2. Design
	3. Experimental
	4. Results and Discussion
	5. Conclusions
	References
	Fig 1
	Fig 2
	Fig 3
	Fig 4
	Fig 5
	Fig 6
	Fig 7
	Fig 8
	Table 1

